Background: There is substantial current interest in the cognitive deficits associated with schizophrenia, particularly those in the realm of memory. Yet the exact nature of these deficits remains a matter of some debate. This study sought to examine performance on two distinct aspects of memory performance: familiarity-based and source-based memory processes. Methods: Eighteen medicated outpatients with schizophrenia and eighteen healthy adult control subjects performed an external source memory task. Key measures included the ability to distinguish old (previously experienced) items from new items, the ability to correctly identify the source (male voice or female voice) of previously experienced items, and the reaction time associated with these responses. Results: Patients with schizophrenia showed an impaired ability to distinguish old from new items, but intact performance in correctly identifying the source of items recognized as old. Whereas control subjects showed a rapid response to items deemed unfamiliar, particularly in rejecting novel items, these responses were slowed in patients with schizophrenia. This was not attributable to a generalized diminution in processing speed, as reaction times to correctly recognized old items (regardless of source accuracy) did not differ between the two groups. Conclusions: Patients with schizophrenia demonstrated impaired familiarity-based and intact source-based memory performance. In addition, the reaction time for novelty detection, an important component of familiarity-based memory, was significantly delayed in patients compared to controls, while the response times for source-based decisions were completely overlapping. Considered together, these findings suggest a deficit in the familiarity-based aspect of episodic memory in at least some patients with schizophrenia.
Introduction
Schizophrenia is a complex neuropsychiatric syndrome affecting approximately 24 million people worldwide. Although schizophrenia is characterized most dramatically by positive symptoms such as hallucinations and delusions, the subtle cognitive deficits associated with this syndrome, particularly in the realm of verbal memory, may have a greater impact on overall functional outcome (Green et al., 2000) . As currently available treatments have only a limited impact on memory performance, many patients remain functionally impaired despite adequate control of Available online at www.sciencedirect.com Schizophrenia Research 99 (2008) 208 -217 www.elsevier.com/locate/schres primary symptoms (Jobe and Harrow, 2005) . There is therefore substantial interest in meeting this therapeutic need through the development of cognitive enhancing approaches (both pharmacological and psychotherapeutic) for patients with schizophrenia. Improved definition of the memory impairment seen in this disorder represents an important first step along this path. While there are several types of memory, most of the emphasis in schizophrenia research has been on memory for events or experiences, also known as episodic memory. Within episodic memory there is an important distinction between remembering whether something has occurred and recollecting the specific details of that event. The former task can be accomplished based on a feeling of familiarity, while the latter task requires the recollection of contextual information. For example, remembering whether one has heard a piece of news is a familiarity-based process, whereas remembering the source of that information, called source monitoring, is a context-dependent memory process.
Several lines of research suggest that these two processes are separable and perhaps independent (Yonelinas, 2001; Dobbins et al., 2003) . Familiarity-based memory decisions occur more rapidly and are best represented by a signal detection model (Yonelinas and Jacoby, 1994; Hintzman et al., 1998) . That is, familiarity appears to be assessed along a continuum, with cut-off criteria used to determine whether to accept or reject any particular piece of information as being previously experienced. Recollection-based (or source-based) memory is a slower process, which in some models is posited to occur only after the familiarity assessment has been completed (Atkinson and Juola, 1974) . This process is often construed as a search through the memory banks, evaluating whether the information at hand matches contextual details stored from previous experience. Importantly, familiarity and source-based memory appear to be subserved by distinct neural substrates, as demonstrated by both event-related potentials (Curran, 2000; Duzel et al., 2001; Duarte et al., 2004) and functional magnetic resonance imaging (Henson et al., 2005; Yonelinas et al., 2005) .
The degree to which these two processes are impaired in patients with schizophrenia remains a matter of some debate. Based largely on a series of papers indicating differentially greater deficits in context-dependent memory performance in patients with schizophrenia (Huron et al., 1995; Rizzo et al., 1996; Brebion et al., 1997a,b; Vinogradov et al., 1997; Kazes et al., 1999) , many would now argue for a specific source memory deficit in this population. The literature is far from uniform on this issue, however. First, it appears that simple recognition memory is more impaired in patients with schizophrenia than previously appreciated (Pelletier et al., 2005) . In addition, a number of recent papers (Moritz et al., 2005 Ragland et al., 2006; Weiss et al., 2006) , have failed to find a specific deficit in source-based memory in schizophrenia.
This study sought to tease apart the relative contribution of familiarity-based and source-based memory processes, and examine their neural correlates using functional magnetic resonance imaging. To do this, we adopted a standard source memory paradigm in which subjects heard words spoken by two different external sources (male and female) and after a brief delay were asked to remember which source said which word. In this manuscript we present a detailed analysis of the behavioral data (both response accuracy and reaction times) from this experiment. Our a priori hypotheses were that patients would show intact familiarity-based memory and impaired source memory. We also hypothesized that the reaction times associated with new-old detection would be equivalent between the two groups, while those associated with source discrimination would be slower in the patients with schizophrenia, representing difficulty with this cognitive process, the employment of an alternative cognitive strategy, a speed-accuracy tradeoff, or some combination of these three explanations.
Methods and materials

Subjects
Eighteen outpatients (12 males and 6 females) with DSM-IV-defined schizophrenia (confirmed by the Structured Clinical Interview for DSM-IV (SCID) (First et al., 1995) ) were recruited from our affiliated clinic in Boston. Patients had chronic mental illness (mean duration of illness 15.6 ± 11.4 years). All but one of the patients were taking a stable dose of antipsychotic medication (fourteen were on second generation antipsychotics, two on conventional antipsychotics, and one on a combination of second generation and conventional), and were not withdrawn from their medication for the purposes of the study.
Eighteen age-matched subjects (11 males and 7 females), recruited from the Greater Boston area by posted advertisement, served as a comparison group. Comparison subjects were free of any Axis I psychiatric condition (as determined by the SCID) and were not taking psychotropic medication. Neither patients nor comparison subjects had a history of major medical or neurological illness (e.g., seizure disorder, head trauma leading to altered mental state, or stroke). No subject met DSM-IV criteria for alcohol or other substance use disorder (excepting nicotine dependence) within the past three months.
There were no significant between-group differences in age, parental socioeconomic status, or mean parental education (Table 1) . When compared to the patients with schizophrenia, comparison subjects had a higher level of attained formal education, better socioeconomic status, and higher overall verbal IQ as estimated by the North American Adult Reading Test (NAART) (Blair and Spreen, 1989) .
Prior to enrollment of subjects, the protocol was approved by the institutional review boards of both the Massachusetts General Hospital and the Commonwealth of Massachusetts Department of Mental Health. All participants provided written informed consent after a complete description of the study and administration of a brief questionnaire to ensure capacity to consent.
Procedure
The experimental paradigm was adapted from a previously published source monitoring experiment (Wilding, 1999) . The stimuli consisted of 312 English words, divided into four groups of 78 words for counterbalancing purposes. These word groups were matched on word length (mean = 5.5, range = 4-9 letters), lexical frequency (mean = 51 per million) (Kucera and Francis, 1967) , printed familiarity (mean score = 530) (Coltheart, 1981) , and concreteness (mean score = 545) (Coltheart, 1981) , with p-values N .10 for all pair-wise comparisons. The words were then counterbalanced across four lists so that they rotated through each experimental condition: presented during encoding spoken by male and female voices, and presented as a new word during the testing session.
Audio files were created using Wave Creator, Version 3.1.0.46 (Blaze Audio). All 312 words were recorded by one male and one female research assistant, with the resulting audio files normalized to ensure standardized volume. Corresponding visual word stimuli were generated using Presentation Version 0.76 (Neurobehavioral Systems, Inc., California), in black 72-point Times New Roman font on a white background.
Prior to scan acquisition, each subject was given explicit instructions regarding the memory task, told that they would be tested on recollection of old words and the source of those words. They then performed a brief (six-word) sample experiment to show understanding of the instructions and the use of the button-box. The actual experimental session consisted of six interleaved encoding and testing sessions conducted while subjects were positioned in the MR scanner. During each encoding session, participants saw and heard 26 consecutive items (13 spoken by a male, 13 spoken by a female) and identified the gender of the voice using a keypad button. Words were rear-projected for 3000 ms onto a hemi-circular tangent screen and viewed through a mirror mounted on the head coil of the MR scanner. Each word was simultaneously presented aurally via pneumatic headphones at a clearly audible level using Presentation Version 0.80 (Neurobehavioral Systems, Inc., California). Immediately following this encoding session, participants were presented with a list containing both the 26 previously studied items and 26 new (not previously studied) items, and were asked to identify the original source of the voice (i.e., male, female, or new) (Fig. 1 ). Words were presented one at a time visually for 3000 ms (with a 500 ms interstimulus interval), with subjects indicating their response (male, female, or new) by pressing one of three buttons on a keypad.
Statistical analysis
Statistical analysis was performed using SPSS version 11.0 (SPSS Inc., Chicago). Accuracy data were examined by calculating standard measures of old-new recognition memory and source memory performance, with group means for these variables compared using an unpaired Student's t-test. For oldnew recognition accuracy, measures included the response accuracy for old items (percentage of old items labeled as either "male" or "female"-hit rate), the incorrect characterization of new items as old (i.e., false alarm rate), and the difference between these values (i.e., hit rate minus false alarm rate, a.k.a. corrected recognition). Source memory accuracy was measured as the percentage of those items correctly identified as old that were correctly assigned to a source. For all analyses, items presented in either a male or female voice were combined, as neither hit rate nor source memory accuracy differed for these items in either group. Reaction times (RTs) were recorded, trimmed to remove values less than 250 ms, and categorized by each of the five event types (source hit, source miss, miss, correct rejection and false alarm). RTs from each event type were pooled by group (control and schizophrenia) to create group-level RT distribution plots (Ratcliff and Murdock, 1976; Leth-Steensen et al., 2000) . As the resulting probability density distributions showed a pronounced right skew, the RT data were summarized by the median value, and between-group comparisons performed using the non-parametric median test (χ 2 test for homogeneity of proportions), after applying the Yates Continuity Correction for 2 × 2 tables.
Results
Both groups demonstrated near-perfect performance on the gender identification task during encoding (control (mean accuracy ± standard deviation): 99.1 ± 1.5%, schizophrenia: 98.0 ± 2.5%; t = 1.50, df = 30, p = 0.14) ( Table 2) . During the test, control subjects correctly identified a greater percentage of old items as old, by selecting either a "male" or "female" response (hit rate- control: 82.9 ± 14.9% vs. hit rate-schizophrenia: 70.5 ± 22.3%; t = 1.98, df = 34, p = 0.056). There were no significant between-group differences in the response accuracy to new items (false alarm rate-control: 11.7 ± 18.0% vs. false alarm rate-schizophrenia: 15.5 ± 22.2%; t = −0.57, df = 34, p = 0.58). When considered together, the control subjects were significantly more accurate in old-new recognition (corrected recognition-control: 70.4 ± 19.9% vs. corrected recognition-schizophrenia: 55.4 ± 22.5%; t =2.12, df = 34, p b 0.05). However, when specifically examining the source accuracy of items deemed to be old (i.e., the percentage of correct source responses for old items labeled either "male" or "female") there were no significant differences between the two groups (control: 77.5 ± 14.1% vs. schizophrenia: 73.3 ± 16.0%; t = 0.83, df = 34, p = 0.41). Thus, once the between group differences in simple recognition are accounted for there was no evidence for a specific deficit in source memory.
Reaction times for the 10,944 responses made during the experiment were split by group (control = 5568 responses, schizophrenia = 5376 responses) and then categorized by event type. The resulting probability distribution plots and summary statistics are shown in Fig. 2 . Control subjects were significantly faster than patients with schizophrenia in making a "new" response to new items (correct rejection: median RTs 930 ms vs. 1240 ms; χ 2 = 502, df = 1, p b 0.0001), but were significantly slower when making an incorrect "old" response to these novel words (false alarm: 1910 ms vs. 1480 ms; χ 2 = 36.2, df = 1, p b 0.0001). When considered together, the RT difference between correct rejections and false alarms was more than four-fold greater in control subjects when compared to patients with schizophrenia (980 ms vs. 240 ms).
In responding to the old words previously seen and heard during the encoding period, control subjects were significantly faster in making an incorrect "new" response (miss: 1180 ms vs. 1510 ms; χ 2 = 60.0, df = 1, p b 0.0001), but there were no between-group differences in RT when items were correctly identified as old, regardless of whether the source was identified correctly (source hit: 1260 ms vs. 1280 ms; χ 2 = 0.61, df = 1, p = 0.44) or incorrectly (source miss: 1710 ms vs. 1630 ms; χ 2 = 2.3, df = 1, p = 0.13). In addition, the RT difference between source hits and source misses was statistically equivalent when compared between groups. Interestingly, the degree of this RT separation between source hits and source misses was highly correlated with overall source accuracy at the individual subject level in both groups (quadratic relationship, df = 2,33; overall Rsquare = 0.74; omnibus F = 47.6; p b 0.0001) (Fig. 3) .
Thus control subjects were significantly faster than patients with schizophrenia when making a "new" response, but showed an equivalent (or in the case of false alarms, slower) RT pattern to that of the patient group when making an "old" response.
To follow up on this finding, we examined the response tendencies of both groups over the entire span of the 3500 ms response window (Fig. 4) . When a new item was presented, rapid responses (i.e., b 1000 ms) from the control group were highly accurate, with the proportion of accurate responses declining linearly with slower responses (increasing false alarm rate). Rapid responses to new items from the patients with schizophrenia tended to be inaccurate (50% false alarm rate) and actually showed an increase in accuracy with slower RTs. Responses to the old items followed similar patterns: to the extent that control subjects said "new" (i.e., forgotten item), these responses tended to be rapid, while patients with schizophrenia had a higher percentage of "new" responses to old items, and these occurred later in the response window.
Post-hoc bivariate correlations were performed to examine the relationship between psychopathology (as measured by the SAPS and SANS) and memory accuracy (as measured by corrected recognition and source accuracy). None of these correlations was significant at the 0.05 (two-tailed) level. Those patients experiencing some degree of hallucinatory activity (n = 7 based on the SAPS Hallucinations Score) did have numerically poorer source memory accuracy than Fig. 3 . Relationship between source memory reaction time and source memory accuracy. Both groups showed faster reaction times to source hits when compared with source misses. At the individual subject level, the degree of reaction time difference between these two event types was highly correlated with overall source accuracy. As shown here, this second-order relationship was similar and significant in both groups.
did non-hallucinating patients (n = 11), but this comparison was not statistically significant (source accuracy 78% vs. 66%, df = 16, t = 1.58, p = 0.13).
Discussion
There are two main findings from this study. First, patients with schizophrenia demonstrated impaired familiarity-based memory and intact source discrimination performance. Second, the reaction time for novelty detection, an important component of familiarity-based memory, was significantly delayed in patients compared to controls, while the response times for source-based decisions were completely overlapping. These findings, though in contrast with our a priori hypotheses, strongly suggest a primary deficit in the familiarity-based aspect of episodic memory in at least some patients with schizophrenia.
The performance deficit observed in this study is best summarized by an increase in errors of omission (rather than errors of commission) in the patients with schizophrenia. Patients were less able to distinguish old from new words, and in cases of ambiguity, tended to say "new" more often than control subjects; this combination led to fewer words correctly recognized as being old. When words were recognized as old, the patients showed an equivalent ability to correctly identify the source of that information.
These findings must be considered in the context of a larger body of literature on source memory in schizophrenia. To our knowledge this is the sixth study to specifically examine the ability of patients to distinguish between two external sources of information (Harvey, 1985; Brebion et al., 1997a,b; Keefe et al., 1999 Keefe et al., , 2002 Woodward et al., in press ). Of these, only one (Keefe et al., 1999) , in a population of largely unmedicated patients, showed evidence of a deficit in external source memory. Several other studies under the source memory umbrella have tested the ability of patients to distinguish self-generated from examiner-generated information (internal vs. external) or to distinguish between words imagined versus actually said by the patient (internal vs. internal). This literature is also decidedly mixed, with at least seven previous papers failing to find a significant performance difference between patients with schizophrenia and control subjects (Harvey and Serper, 1990; Morrison and Haddock, 1997; Keefe et al., 1999; Moritz et al., 2005 Ragland et al., 2006) . Thus, after controlling for differences in simple recognition memory, several studies have not uncovered an additional deficit in source memory performance. This is consistent with a recent metaanalysis of the extant literature of memory and schizophrenia (84 papers) showing no significant difference between the effect sizes for recognition and associative (including source) memory (Pelletier et al., 2005) .
The heterogeneous nature of schizophrenia over its longitudinal course may help to explain the apparent inconsistencies within the source memory literature. A number of studies have found correlations between the Figure shows the likelihood of a "new" response as a function of the time at which the response occurred during the response window and the item type. When control subjects (red) make a rapid response (b1000 ms) to a new item they tend to say "new" (accurate response), with later responses becoming increasingly inaccurate (late false alarms). Rapid responses to new items made by the patients (blue), on the other hand, are highly inaccurate (50% false alarms) with their accuracy improving with slower responses. A similar pattern is seen with responses to old items: control subjects tend to make "new" responses early indicating a rapid realization that the item is unfamiliar, while patients show an increasing tendency to say "new" to an old item over the course of the response window. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) degree of positive symptoms (especially hallucinations) and errant source decisions (Harvey, 1985; Bentall et al., 1991; Brebion et al., 1997a Brebion et al., ,b, 2005 Keefe et al., 1999) . Though the underlying mechanism for this connection remains unclear, neuroimaging research has shown that hallucinations are associated with sensory modalityspecific increases in cortical activity, which may compete with exogenous sensory input for neural processing (please see (Weiss and Heckers, 1999) for review). The decreased cortical responsiveness to external input may impair adequate feature binding, a key component of source-based recollection (Schacter et al., 1998) . In contradistinction, it appears that patients with prominent negative symptoms show a very different pattern of memory deficit, predominated by slowed processing speed and errors of omission ("impaired memory efficiency") (Brebion et al., 2005) . In the present study the overall level of psychopathology was low, with patients exhibiting predominantly negative symptoms. Thus the intact source memory performance of these patients may therefore relate to their relatively low degree of positive symptoms.
The lack of source memory deficits may also be explained in part by the nature of the encoding task, which required subjects to focus explicitly on the source information to be remembered (gender of the speaker). There is some evidence from the memory and aging literature that suggests that this type of focus may alleviate source memory deficits in patients with frontal lobe impairment (see for example, (Glisky et al., 2001) ). Further research using specific experimental manipulation of this task would be required to determine whether this factor plays a beneficial role in patients with schizophrenia as well. In addition, the verbal nature of the stimuli may have also minimized between-group differences, as the effect sizes associated with verbal materials have been shown to be significantly smaller than those associated with figural materials in previous recognition memory studies conducted in schizophrenia (Aleman et al., 1999; Pelletier et al., 2005) . This is particularly true for studies of source memory, where the effect size (Cohen's d) for studies using verbal materials is less than half that of studies using figural materials (0.48 vs. 1.09) (Pelletier et al., 2005) .
The integration of response accuracy and reaction time patterns, an approach with a rich history within the cognitive psychology literature (see for example (Murdock and Dufty, 1972; Sternberg, 1975; Ratcliff and Murdock, 1976) ), provides us with an additional perspective on the overall response strategy employed by each group. In the present study, control subjects appear to approach the task in a manner highly consistent with classic dual-process models (Atkinson and Juola, 1974) . As shown in Figs. 2 and 4, they begin the task by excluding items that do not seem familiar, beginning most rapidly with truly novel words (median RT = 930 ms), followed shortly thereafter by unfamiliar old words (median RT = 1180 ms). Items that do meet some familiarity threshold are then passed on to a source decision, where presumably some type of scan of stored experiences is commenced. Source hits quickly find their match, whereas responses to both source misses and false alarms are made only after some delay, presumably due to an extended search process. Note that very few items are ultimately called "new" after an extended search; the overwhelming majority of new responses come within the earliest period of the response window.
The response pattern is strikingly different in the patients with schizophrenia. The initial responses associated with unfamiliar items (correct rejections and misses) are significantly delayed when compared to the control group, with between group differences in median reaction times of 306 ms and 330 ms respectively. When considered as a whole, the serial nature of the decision process suggested by the pattern seen in the controls is not apparent in the patients' data, as responses associated with familiarity assessment now temporally overlap with those related to source discrimination. Though admittedly speculative, there may be a blunting or absence of a rapid and robust "novelty signal" in patients with schizophrenia, requiring some patients to rely on alternative cognitive strategies to engage in the task. This explanation of the data fits well with a number of recent theories regarding the role of novelty in the impaired cognitive processing seen in schizophrenia (Arnold, 1999; Lisman and Otmakhova, 2001; Kapur et al., 2005) .
It is important to note that these findings were not simply a result of an overall slowing in processing speed within the patient group. The reaction times associated with source decisions (source hits and source misses) were nearly identical to (and not statistically different than) those seen in the control cohort. In addition, the reaction time associated with false alarms was actually faster than that seen in the controls. This latter result is particularly interesting, as it highly consistent with a body of evidence demonstrating enhanced confidence in errant responses (and reduced confidence in correct responses) in patients with schizophrenia (Moritz et al., 2003 (Moritz et al., , 2005 .
There are two key limitations of the study that deserve mention. First, all of the patients in this study were on psychotropic medication. As the second-generation neuroleptics appear to have a small, and positive, effect on long-term verbal memory (Thornton et al., 2006) , it is unlikely that the between-group differences in memory performance are attributable to a medication effect. We cannot rule out the possibility that antipsychotic medication normalized the source memory performance in the patient cohort, though as previously demonstrated by Keefe et al. (2003) , antipsychotic-induced benefits do not appear to be selective for source memory, as improvement in familiarity-based memory is seen as well. Second, the sample size for this study, conducted as part of a neuroimaging experiment, was relatively small. We cannot therefore rule out the possibility of type-II error as an explanation for the lack of between-group differences in source memory accuracy or reaction time. We believe this is unlikely for two reasons. First, we did find between-group differences in familiarity-based memory performance. As the effect sizes in the schizophrenia literature for abnormalities in this type of memory tend to be smaller than those associated with recollection-based memory tasks (Aleman et al., 1999) , it would seem improbable to have adequate power to detect the former, but not the latter type of abnormality. Second, given the number of events entered into the group-level RT analyses, they have exquisite power to detect small differences, and consequently a very low likelihood of type II error.
These limitations notwithstanding, our results provide further evidence for a specific deficit in familiaritybased memory processing, at least within a subset of patients with schizophrenia.
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